Abstract. The electrical properties of dopants in Si are of primary importance for the realization of electronic devices. Indium represents a promising p-type dopant whose electrical properties are improved by co-doping with C. From theoretical studies In and C are expected to pair in the Si matrix in order to lower the strain energy. In this contribution we provide the first direct experimental determination of the sites of In and In-C complexes in Si. The experiment is particularly challenging because, due to the low solubility of the impurity and to the high energy of the K edge, a particular experimental procedure is needed to separate the fluorescence signal from the substrate scattering.
INTRODUCTION
The research on p-type dopants for Si has received a great impulse in the recent years as the realization of shallow junctions needs the use of low diffusivity dopants and boron, the most widely used dopant at present, fails to meet this requirement. Indium is particularly interesting at this purpose as it possesses a low diffusion coefficient that makes it ideal for the realization of steep doping profiles [1] . The main drawbacks linked to In doping are the low solubility in Si (around 1.8 * 10 18 at/cm 3 [1] ) and the high ionization energy (0.150 eV [2] ). Theoretical studies devoted to the characterization of the site of In atoms in Si have shown that In prefers substitutional rather than interstitial ones [3] and that there is a marked tendency of In atoms to gather in In 2 complexes [4] .
In this contribution we have carried out a study based on the Extended X-ray Absorption Fine Structure (EX-AFS) technique [5] to characterize, in a quantitative way, the site of In atoms in Si. In order to minimize the signal from the substrate we adopted the grazing incidence geometry that revealed to be particularly effective in the general study of ion-implanted materials [6, 7] and, in particular, in the investigation of low-dose implanted In in Si [8] .
EXPERIMENTAL Sample Preparation
Two samples of Czochralsky-grown wafers with p doping (10 − 20 Ω/cm) were pre-amorphized via an implant of Si atoms at an energy E Si i = 250 keV and a fluence φ Si = 3 × 10 15 at/cm 2 . Indium ions were implanted at E In i = 183 keV and a fluence φ In = 5 × 10 13 at/cm 2 (sample 1) and φ In = 5.5 × 10 14 at/cm 2 (sample 2). In these conditions the expected projection range is R p = 910 Å and the range straggling is ΔR = 270 Å following calculations carried out with the SRIM-2003 code [9] . The implanted samples were then annealed in N 2 atmosphere using a double step process: first at 550
• C during 20 minutes for the matrix recrystallization then at 900 • C for 30 s for the dopant activation [10] . In the first sample the peak concentration of In in the implanted zone was shown to be a few 10 18 In/cm 3 [10] i.e. in the same scale of the solubility estimated by Solmi et al. [1] . This should prevent the formation of In-In pairs that have been recently shown to be particularly stable and electrically inactive complexes [4] . In the second sample the peak concentration is in the 10 19 In/cm 3 range so exceeding the solubility limit.
EXAFS Measurements
The experimental data have been collected at the GILDA-CRG beamline at the ESRF [11] . The monochromator was equipped with a Si(311) crystal pair and was run in dynamically focusing mode [12] . Harmonic rejection was achieved by detuning the monochromator at 50% of the reflectivity maximum. Due to the extreme dilution of the absorber in the sample data were collected in grazing incidence geometry in the dedicated experimental chamber operative on the beamline [13] . Measurements were carried out at room temperature and, in order to further reduce the contribution of scattering in the emission spectrum, the detector was placed at right angle respect to the probe beam direction. Even in this condition, however, the contribution of the In-K α line is still dominated by the tail of the Compton line from the Si substrate so its intensity was extracted from a suitable analysis of the complete emission spectrum. The emission from the sample was collected with a 13 element High Purity Ge detector (manufactured by ORTEC) and the output was read with a XIA 4X4T Digital X-ray Processing electronics mounted on a CAMAC bus. At each energy point of the EXAFS data scan the acquisition system collects a complete emission spectrum from the sample. The extraction of the intensity of the fluorescence line of interest is made via a fitting procedure. This method, fully exploiting the potentiality of digital acquisition of the fluorescence data, revealed to be more effective in removing the background in diluted samples respect to the classical approach based on Single Channel Analyzers [14] . The region of interest usually consists in the fluorescence line plus neighboring region. The intensity of the fluorescence line is reproduced by a model consisting in a gaussian G (with parameters A g , E g , σ g ) plus a exponential background T (with parameters A t , E t ,W t ) modelling the Compton tail T plus a constant background C t as shown in Eq.1
some parameters are common to all the spectra i.e. do not depend on the excitation energy like the amplitude and width of the exponential A t ,W t and the position and width of the gaussian E g , σ g . The former set is found by a preliminary fit of a spectrum collected at an excitation energy lower than the absorption edge, i.e. on a spectrum that do not contains the fluorescence. The latter set is determined by a fit of a spectrum at a high excitation energy i.e. where the scattering contribution has moved far from the fluorescence. With these parameters fixed the fit of all the intermediate emission spectra are carried out: indeed A g will vary as the intensity of the fluorescence varies with the energy following the absorption coefficient and E T will move at high energies as the excitation energy grows and the background or amplitude may vary in the case of the occurrence of a Bragg peak. All the parameters are stored in a file and, at the end, the integrals of the gaussians are calculated providing in this way the reconstructed fluorescence spectrum. Figure 1 shows an example of fit of the emission spectrum collected on sample 1. In this way the contribution of the background to the total fluorescence spectrum was greatly reduced as clearly shown in the inset of Figure 1 . Note that a great care should be taken in the fitting as a considerable noise, due to the instability of the fit results, may appear in the spectrum. In the present case no enhancement of the noise was reported in the fitted spectrum respect to the standard integrated spectrum.
DATA ANALYSIS AND RESULTS
Data were analyzed by generating ab-initio the theoretical scattering paths with the Feff8.0 code [15] . XAS data were extracted and fitted making use respectively of the ATHENA and ARTEMIS codes [16] . The simulations for the low-dose sample started from clusters of 99 atoms (i.e., 8 complete shells around the absorber) taken from ab initio calculations of atomic ground-state configurations for an In atom in Si on a tetrahedral substitutional site. The calculations are performed within Density Functional Theory (DFT) and using the Vienna AbInitio Simulation Package. [17] ; details of the simulations are described in Ref. [3] . For the high dose sample we used a cluster from metallic In. In the first case we carried out a fit on the first three coordination shells whereas in the second case only the first shell was considered. The results of the modelization are shown in Figure 2 whereas the quantitative data are presented in Table 1. A different situation in found in sample 2 where both InSi and In-In coordinations are found. Here the solubility limit has been exceeded and In particles are formed; the ratio between the In in particle phase respect to the substitutional phase is about 4 : 1. The contraction of the In-In bond length respect to the bulk value is reasonably due to the small size of the clusters [18] . The co-doping with C leads to the formation of In-C complexes at both low [8] and high [19] implantation doses with, in particular the inhibition of the particle formation in the latter case.
